Chapter 2 

A Review of Positive Electrode Materials 
for Lithium-Ion Batteries 


Masaki Yoshio and Hideyuki Noguchi 


2.1 Recent Cathode Materials 

The lithium-ion battery generates a voltage of more than 3.5 V by a combination of 
a cathode material and carbonaceous anode material, in which the lithium ion 
reversibly inserts and extracts. Such electrochemical reaction proceeds at a poten¬ 
tial of 4 V vs. Li/Li + electrode for cathode and ca. 0 V for anode. Since the energy 
of a battery depends on the product of its voltage and its capacity, a battery with a 
higher energy density is obtained for a material with a higher voltage and a higher 
capacity. Therefore, when the same anode material is used, the higher the cathode 
potential and the larger the capacity of the cathode material, the higher the energy 
of the battery. 

The cathode and anode were packed into a vessel with constant dimensions, so 
the capacity for unit volume is more important than for weight. The volumetric- 
specific capacity of LiCo0 2 is 808 mAh/cm 3 , which is high enough to be used as a 
cathode material. Nickel-based cathode materials deliver higher capacity of 870- 
970 mAh/cm 3 . Safety problems for this material are overcome by the simultaneous 
doping of cobalt and aluminum. SAFT Co. has adopted LiNi Q g Co 0 Al 0 05 O 2 sup¬ 
plied by Toda Kogyo Co. (formerly Fuji Chemical Industry Co.) as a cathode mate¬ 
rial in the lithium-ion battery for an electric vehicle (EV) application. An analogous 
compound is used in Japan. A press release announced that the capacity of it is 20% 
higher than that of LiCo0 2 and it is safer than LiCo0 2 in terms of overcharge prob¬ 
lems. Further, nickel-based cathode materials are used for the battery in Toyota’s 
car, without idling. 

Manganese spinel cathode materials, although inferior to layered compounds, 
are cheap and rich in resources. Therefore, it is suitable as a cathode material in 
large-scale use of lithium-ion batteries. This spinel compound has been used for 
cellular phones produced by NEC Co. and for EV and hybrid EV produced by 
Nissan Co. Ltd. However, its share in the market of cathode material is relatively 
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small. Recently, in 2003, electric mortar bicycles and mortar-as sis ted bicycles have 
been commercialized. In such applications, the cathode contains manganese spinel 
compounds. This trend would lead to the development in large-scale use of batter¬ 
ies using a spinel compound as a cathode material. 

The main cathode material, LiCo0 2 , in the lithium-ion battery has been improved 
in terms of rate capability and capacity. The rate capability is improved by the 
control of particle morphology, and high capacity is achieved by increased charge 
voltage while overcoming safety problem. 1 


2.2 The Structure of Cathode Material 

Many of the lithium battery cathode materials have a layered structure, which ena¬ 
bles the two-dimensional diffusion of the lithium ion, or a spinel structure, which 
enables the three-dimensional diffusion. The structures of the cathode materials in 
the lithium- ion battery are summarized, together with its electrochemical proper¬ 
ties and stability of structure, in Table 2.1. 

The basic compounds with a layered structure are LiCo0 2 , LiNi0 2 , LiCr0 2 , 
Li 2 Mo0 3 and Li Q7 Mn0 2 . The initial three compounds have a rhombohedral 
structure with the symmetry of space group R 3 m . As shown in Fig. 2.1, the rhom¬ 
bohedral unit cell has a geometric feature that has three axes of an equal length, 
and that each angle between any two axes is the same. Usually, this unit cell is 
expressed by the hexagonal structure (heavy line in the figure), which has a unit 
cell volume of three times because the structure of this unit cell is difficult to be 
imaged. In this structure, Li and transition metal ion (M) occupy alternatively an 
octahedral site formed by planar O 2- ion sheet; as a result, the Li layer and M layer 
are formed. 

The structure of Li 2 Mn0 3 is slightly deviated from above one, namely, the M ion 
is replaced by Li 1/3 Mn 2/3 . Electroactive materials with this structure are Li 2 Ru0 3 , 
Li 2 Ir0 3 , Li 2 Pt0 3 and Lq g Ru 06 Fe 06 O 3 . These compounds contain an expensive 
noble metal, so they are unsuitable for practical application. There are many 
layered electroactive materials prepared by foreign metal ion and lithium doping. 
These compounds would be classified into two groups. One is a substitution product 
and the other is the solid solution-type compound. The differences of the two 
compounds are explained in the LiNi0 2 -LiMn0 2 -Li 2 Mn0 3 quasiternary phase 
diagram (Fig. 2.2). Three comers in triangles indicate pure phases. The middle point 
of the LiNi0 2 -LiMn0 2 line has a composition of LiNi 1/2 Mn 1/2 0 2 , where valences of 
Ni and Mn are estimated to be 2 + and 4 + , respectively, by the analysis of the 
XANES spectra of the K edge absorption of Ni and Mn. 2 Therefore, the substitution 
reaction of Ni 3+ by l/2Ni 2+ + l/2Mn 4+ proceeds on the line and all the Ni 3+ ion is 
consumed at the middle point. A series of single-phase products are easily prepared 
for the compositions on the LiNi0 2 -Li 2 Mn0 3 and LiNi 1/2 Mn 1/2 0 2 -Li 2 Mn0 3 . These 
products are generally called a “solid solution,” in which valences of metal ion are 
equivalent to those of two end members in all the composition range. Therefore, the 
shadow areas are solid solutions between Li 2 Mn0 3 and LiNi x Mn 1 x 0 2 (x > 0.5). 


Table 2.1 Properties of anode and cathode materials for lithium ion battery 
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Fig. 2.1 Relation between rhombohedral cell and hexagonal cell 



(Li[Li l/3Mn2/3P2 

Fig. 2.2 Region of L^MnOg-LiNYMnj ^0 9 solid solution (painted) in pseudoternary phase 
diagram 


Two types of solid solution are known in the cathode material of the lithium-ion 
battery. One type is that two end members are electroactive, such as LiCo x Ni x O r 
which is a solid solution composed of LiCo0 2 and LiNi0 2 . The other type has one 
electroactive material in two end members, such as LiNi0 2 -Li 2 Mn0 3 solid solu¬ 
tion. LiCo0 2 , LiNi 05 Mn Q5 O 2 , LiCr0 2 , LiMn0 2 and LiFe0 2 are electroactive end 
members; on the other hand, Li 2 Mn0 3 , Li 2 Ti0 3 and LiA10 2 are electrochemically 
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inactive end members. The combination of two different types of end members 
gives a lot of cathode materials in lithium ion battery. Solid solutions with more 
complicated combinations composed of end members are LiNi 0 g Co 015 Al 0 05 O 2 or 
Li, Ni Co Mn, CL 

l+x y z 1 -y-z 2+o 

Among manganese-based layered compounds, a layered zigzag-type orthorhombic 
LiMn0 2 and layered LiMn0 2 with R symmetry are electroactive materials. The 
latter is prepared by the ion exchange method 34 or by the liquid-phase synthesis. 5 
Both orthorhombic and layered LiMn0 2 s are unstable for electrochemical extrac¬ 
tion and insertion of the lithium ion, and they change into a spinel structure during 
the charge and discharge in 3-4 V range. Orthorhombic LiMn0 2 synthesized at 
high temperatures requires many charge/discharge cycles until the transformation 
to the electrochemically active spinel structure. 6 However, when it is crushed into 
nanosized particles, it delivers a capacity close to 200 mAh/g in the first cycle. 
Further, the cyclability at a high temperature also is excellent, 7,8 and it is in the level 
that the practical application as a cathode material can be allowed. 

A series of compounds with lithium-deficient stoichiometry can be synthesized 
using the ion exchange method. Li Q7 Mn0 2 analogues are synthesized by ion 
exchange of the Na 07 MnO 2 analogue with the Li + ion in the molten lithium salt. 9 
Na 07 MnO 2 has the stacking faults of the oxygen ion sheets. These faults are partly 
succeeded by Li 07 MnO 2 after ion exchange. 

The oxygen ions usually make the cubic or hexagonal close-packing (HCP) 
structure in metal oxides, and metal ions are located in tetrahedral holes or octahe¬ 
dral holes. In the cubic close-packing (CCP) structure, the oxygen ion sheets are 
divided into three types (A, B, and C) with different phases, and these layers are 
stacked regularly in the mode of (ABC)n (Fig. 2.3). The stacking mode of the HCP 
structure is described as (AB)n. Two oxygen-sheet stacking is typical in metal 
oxides. However, Na 07 MnO 2 has a different stacking sequence and it is described 
as (ABBA)n. Then, two kinds of the hole with different shapes are formed by six 
oxygen ions: the octahedron and the prism (triangle pole). The manganese ions 
occupy the octahedral sites C (between A and B in the oxygen sheet) of the same 
position on a two-dimensional plane with oxygen sheet C, and the sodium ions 
occupy the prismatic sites between two A sheets or two B sheets. The structures of 
Na 07 MnO 2 and LiCo0 2 occasionally were called P2 type and 03 type in the litera¬ 
ture, respectively. The relationships between oxygen and the metals in this notation 
are shown in Table 2.2, where the positions on the two-dimensional planes A, B, 
and C are equal to a, b, and c, respectively. 

Li Q7 Mn0 2 of 02 structure (O2-Li 0 ? Mn0 2 ) has been prepared from P2-Na 0? MnO 2 
by the ion-exchange reaction, and 03-Li x Mn0 2 is obtained from P3- or 
O3-Na 07 MnO 2 . 10,11 The O2-Li 0? MnO 2 keeps its structure during the charge/dis¬ 
charge cycles, although 03-Li x Mn0 2 with R symmetry transforms to the spinel 
structure. The charge/discharge capacity of O2-Li 0? MnO 2 is considerably as high 
as 150 mAh/g in the voltage range of 2.5- 4.0 V, and the capacity in the 3 V range 
is roughly half; therefore, it is slightly inferior to the 4-V class material in energy 
density. Various analogues, in which manganese was partly substituted by cobalt, 
nickel, and so forth, were studied and some of them have higher capacity than the 
original one. However, they may be ranked as future materials because they have a 
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Fig. 2.3 Oxygen stacking in CCP structure 


Table 2.2 Relation between oxygen staking and its cation site 


Abbreviation 

Staking of O 2- 

Shape of MnO g 

Position of metal a 

Example 

03 

(ABC)n 

Octahedral 

cabcab 

LiCo0 9 

02 

ABCB etc 

Octahedral 

caac 

Li 07 MllO 2 

Ol 

(AB )n 

Octahedral 

cc 

CoO, 

P3 

(AABBCC)n 

Octahedral and prism 

pcp'ap"b 

Na x Mn0 2 

P2 

(AABB)n 

Octahedral and prism 

pcp’c 

Na 07 MnO 2 

PI 

(AA )n 

Prism 

PP 

- 


l p, p', and p" are different in the position on dimensional plane 


poor rate performance; for example, the capacities of Li 0 7 Mn 2/3 M 1/3 0 2 (M = Ni, Co) 
are about 100 mAh/g even at the slow rate of C/20. 

It also has been reported that a cobalt-substituted compound (03-LiCo 1/2 Mn 1/2 0 2 ), 
by the ion exchange method, could be used as the material for the 5-V cathode; 
however, it has problems such as a large irreversible capacity. 


2.3 Electrochemical Characteristics and Structural Changes 
during Charge/Discharge 

2.3.1 Layered Material 


The charge/discharge curves of LiCo0 2 and LiNi0 2 are shown in Fig. 2.4. When 
the cutoff voltage is selected to be 4.3 V, LiCo0 2 has a comparatively smooth curve, 
while LiNi0 2 has a complicated curve with some voltage plateaus. In the following, 
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Fig. 2.4 Charge/discharge curves of LiCo0 2 and LiNi0 2 


the composition of the LiNi0 2 -type compound during the charge/discharge will be 
expressed as x NiO r The origin of this complicated curve is attributed to the 
structural transformation, _ x Ni0 2 keeps its original structure intially; however, it 
transforms the monoclinic phase in the range of 0.22 < v < 0.64. Further delithiation 
causes the formation of the Ni0 2 phase in the range of v > 0.70 or more. 12-14 For 
LiCo0 2 , 15-17 two crystal phases with R“ m (original LiCo0 2 and Li Q75 Co0 2 ) appears 
in the range ofx< 0.25. The second rhombohedral phase continues except for a 
narrow range around Li Q5 Co0 2 , which is a monoclinic phase the same as Lij_ x Ni0 2 . 
However, this phase transforms the rhombohedral phase by increasing the tempera¬ 
ture. However, lithium excess LiCo0 2 shows different behavior from stoichiometric 
LiCo0 2 . It does not have the two-phase range ofx< 0.25 and the monoclinic phase 
at around v = 0.5, which also is easily judged from the shape of its simple charge/ 
discharge curves. The electrochemical reaction of lithium excess LiCo0 2 proceeds 
in one phase, where the length of the c-axis continuously increases and that of the 
a-axis decreases as the degree of the delithiation. 18 

The researchers have reported various values for the formation range of the 
monoclinic phase and the Ni0 2 phase; this would be due to the difference in sample 
composition because of the easy formation of Li 1 x Ni 1+x 0 2 (x > 0). The length of 
the a -axis and the cell volume continuously decrease as the degree of delithiation 
decreases. These changes can be well explained by the reason that the ionic radius 
of the transition metal decreases as the increase in the oxidation number increases. 
However, the length of the c-axis (interlayer distance) increases as delithiation 
increases. There are some differences between LiCo0 2 and LiNi0 2 in the changes 
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of the length on the c-axis in the range of x > 0.6, as shown in Fig. 2.5. As for 
LiCo0 2 , the length of the c-axis has a maximum value and then gradually decreases. 
On the other hand, for LiNi0 2 , the interlayer distance becomes constant in the range 
of x > 0.6 or more, and the Ni0 2 phase appears in the range of 0.7 or more. The 
Co0 2 phase is formed for LiCo0 2 only in the vicinity ofx= 1. The structure of 
layered material during the charge/discharge seems to be quite different between 
LiCo0 2 and LiNi0 2 as described previously; however, substitution of 20% nickel 
by manganese in LiNi0 2 19 changes the behavior of the c length to that of LiCo0 2 . 
Finally, the lithium content and type of transition metal ion have an extreme influ¬ 
ence on the structure of charged layered material. 

The upper limit of the monoclinic-forming range (x = 0.75) in LiCo0 2 roughly 
coincides with lower limit of the Ni0 2 -forming range in LiNi0 2 . If the structure of 
Lq_ x Co0 2 in this range has stacking faults, 20 the stacking of the oxygen ion sheets 
in both LiCo0 2 and LiNi0 2 changes in the range ofx> 0.7. The structure change 
within v < 0.7 is due to a slight deviation of the position of atoms; on the other hand, 
that with v > 0.7 causes the change in the stacking of the oxygen sheets. This would 
be the main reason of poor cyclicity for higher-capacity withdrawing in LiCo0 2 and 
LiNi0 2 . 

The shape of the charge/discharge curves also depends on the stacking of 
oxygen sheets. The 02-Li Q7 Mn0 2 gives complicated charge curve with several 
voltage plateaus. 21,22 The stacking of the oxygen sheets changes from (ABCB)/i to 
(ABCBCABABCAC)ft by the extraction of more than 0.5 Li + , and this structure 
change causes the shrinkage of interlayer distance. 22 

In the present study, LiNi 05 Mn Q5 O 2 and LiCo 1/3 Ni 1/3 Mn 1/3 0 2 keep R symmetry 
up to v = 0.62 23 and v = 0.76, 24 although a discontinuous shrinkage in the length of 
the a-Sixis accompanies the vicinity of 125 mAh/g of charging (.x = 0.45). If these 
compounds do not cause the rearrangement in the stacking of oxygen sheets, we 
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Fig. 2.5 Variation in c-axis of layered cathode materials during the charge 
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could withdraw higher capacities without loss of cycling performance by increasing 
charge voltage, although decomposition of electrolyte should be overcome. 

The O2-Li 07 Li 1/lg Mn 17/18 O 2 structure obtained from P2-Na 07 Li 1/lg Mn 17/18 O 2 by 
the ion exchange method delivers capacities of about 15 mAh/g in the range of 4.0 
to 4.5 V and about 130 mAh/g in the range of 3.0 to 3.5 V, respectively. 24 When a 
part of the manganese ions is substituted with transition metal ions M (Ni, Co, 
etc.), the capacity of the 3.0-3.5 V range decreases and a new potential plateau 
appears at 2.5-3.0 V. 911 The oxygen structure is kept in all voltage ranges, and an 
excellent cycling performance is observed at 30°C; however, its cyclicity deterio¬ 
rates at 55°C. 9 


2.3.2 Spinel 

Manganese, whose resource is abundant and inexpensive, is used worldwide as an 
environmentally friendly and inexpensive dry battery material. Moreover, when a 
spinel-type manganese-based material is used as the electrode material of a lithium- 
ion battery, the battery has the advantages of greatly improved safety and an inex¬ 
pensive battery control circuit. The market trend for the manganese-based cathode 
material in a lithium-ion battery is roughly divided into two categories. The first 
category is materials used in portable electronic devices such as the mobile phone. 
The spinel lithium manganate has been used for the power source of the mobile 
phone for many years because of its excellent safety and cheaper control circuit, 1 
although its market share is low. Moreover, it is said that the capacity fading of the 
graphite anode during the cycling is prevented by the use of LiNi x Co 1 v 0 2 -LiMn 2 0 4 
mixed cathode because of lower manganese deposition on the anode even at ele¬ 
vated temperatures. 

By the way, LiCo0 2 has been used mainly as the cathode material in the lithium- 
ion battery for mobile phones because of high-energy density. However, the rapid 
rise in price for the lack of the cobalt resources has promoted the hybridization 
between the cobalt-based material and the manganese-based material with the spi¬ 
nel structure. Further, it has been confirmed that this hybrid material can have the 
same energy density as that of the conventional one, so the hybrid-type batteries 
came onto the market since 2004. It is expected that the share of this type of battery 
will expand further in the future. 

The second category is the cathode materials for large-size lithium-ion batteries 
as power sources for electric vehicles, hybrid vehicles, and so forth. High power, 
safety, and low cost are strongly required among their performances, so manga¬ 
nese-based cathode materials are suitable for such applications. It overwhelmingly 
excels in the power density compared to cheaper iron-based cathode material 
(LiFeP0 4 ) and it is used in a large-sized battery. It has been used for 3 years since 
it appeared in the market as a power source for the hybrid vehicle. Moreover, the 
spinel-type manganese oxide is used for the main cathode material of the lithium-ion 
battery for the motor-assisted bicycle and the electric motorcycle, which came onto 
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the market in recent years. In addition, although the iron-based material (LiFeP0 4 ), 
which is expected to succeed the manganese-based cathode material, is being stud¬ 
ied all over the world; it has not reached practical use yet because of its poor elec¬ 
tric conductivity and its complicated synthesis method. 

It is indispensable for the cathode material to contain redox metal ions and Li ions 
for delithiation at charging. Higher contents of redox ions and Li ions are desirable 
to withdraw a high capacity from cathode materials. A material with lower formula 
weight has the advantage getting higher specific energy density per weight; there¬ 
fore, the oxygen ion with lower mass per charge and free material cost is the most 
suitable for the charge compensation of cation. In other words, the lithium- manganese 
oxides are desirable for the cathode materials in lithium-ion batteries. Spinel-type 
LiMn 2 0 4 , spinel-type Li 2 Mn 2 0 4 , 25 orthorhombic LiMn0 2 , 26 layered LiMn0 2 , 27 0 2 
type Li 0 7 Mn0 2 , 28 Li 0 33 Mn0 2 , 29 and so forth are reported to be such manganese-based 
cathode materials. Li Q33 Mn0 2 is a 3-V type cathode material with high capacity, 29 
which was developed by the authors. The Tadiran Co. in Israel commercialized the 
AAA-type battery composed of this cathode and metallic lithium anode. 30 This bat¬ 
tery has a unique safety mechanism, in which the oxolane acts as both solvent for 
electrolytes, containing amines as inhibitors for polymerization and monomers for 
the polymerization when the temperature rises to an emergency level. 30 The active 
material, composite dimensional manganese oxide (CDMO), developed and 
commercialized by Sanyo Co., also is considered to be Li 0 33 Mn0 2 . 31 However, the 
coin-type cell mainly is used for safety in the application of the secondary battery 
and it is used as a battery for memory backup. Moreover, spinel Li 2 Mn 2 0 4 , layered 
LiMn0 2 , and Li Q7 Mn0 2 are prepared by chemical reduction or ion-exchange 
reaction using an expensive reagent; therefore, the manufacturing cost becomes 
expensive and the advantage of low material cost is lost. Finally, the remaining can¬ 
didates for the manganese-based cathode material in the lithium-ion battery will be 
spinel LiMn 2 0 4 , orthorhombic LiMn0 2 , and a layered manganese-based material, 
for instance, the LiMn Ni Co, Ch and LiMn Ni, Ch type materials. All of them 
can be synthesized by a simple solid-state method. It has been said that orthorhombic 
LiMn0 2 has a poor cyclicity because its crystal structure changes into spinel at the 
first stage of charge/discharge; afterward, the charge/discharge reaction proceeds, 
maintaining the spinel structure although it exhibits a capacity of 200 mAh/g or 
more in the 3 to 4 V range. However, an orthorhombic manganese material, which 
has an excellent cyclicity even in the 3-4 V range, also has been reported. 32 

Although the layered Ni-Mn-based cathode material has been placed on the 
market in the form of single or mixed cathode material, 33-35 here we will explain the 
spinel manganese-based material. This compound also has been placed on the market 
in the form of single or mixed with a layered nickel- or cobalt-based material. 


2.3.2.1 Nonstoichiometry of Manganese Spinel 

It was discovered about 20 years ago that the manganese spinel compound can be 
oxidized electrochemically. The studies on the manganese spinel at an early stage 
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were focused on the properties of 3-V class cathode material, and it was clarified 
that the spinel compound forms a cation-deficient type (Li 2 Mn 4 0 9 ) or a lithium- 
excess type (Li 4 Mn 5 0 12 ). Moreover, the authors have clarified that oxygen-deficient 
spinel compounds are formed in the high temperature synthesis. As mentioned, the 
lithium-manganese spinel is a complicated nonstoichiometric compound, in which 
lithium and manganese are distributed in a cubic close-packed structure of oxygen 
anions. The authors have classified the spinel compounds into the oxygen stoichio¬ 
metric spinel and the oxygen-deficient spinel whether the close-packed structure of 
the oxygen ion was maintained or not, and found that the cyclicity of both spinels 
are remarkably different. The oxygen stoichiometric compounds with an excellent 
cyclicity as a cathode in lithium ion batteries are composed of three kinds of oxy¬ 
gen stoichiometric spinel: LiMn 2 0 4 , Li 4 Mn 5 0 12 (the molar fraction of Li 4/3 Mn 5/3 0 4 
is expressed by x), and Li 2 Mn 4 0 9 (the molar fraction of Li g/9 Mn 16/9 0 4 is expressed 
by y). Such compounds can be expressed by a general formula as Li 1+x/3 _ y9 Mn 2 _ x/3 _ 
2 /9 0 4 . It has the excess oxygen if y > 0, because the oxygen stoichiometric spinel is 
constituted by the oxygen-excess type (cation-deficient) Li 2 Mn 4 0 9 . The composi¬ 
tion of Li 1+x/3 Mn 2 _ x/3 _ 2 0 4 is plotted inside of triangle ABC in phase diagram of 
Li-Mn-0 spinel (Fig. 2.6), where three kinds of oxygen stoichiometric spinels, 
LiMn 2 0 4 , Li 4/3 Mn 5/3 0 4 , and Li g/9 Mn 16/9 0 4 , are located at the comer. The vacancy in 
cation site (8a and 16d) and anion site (32e) is shown by the same symbol, □. The 
figure is expressed by using two parameters; one is average oxidation number 
of manganese (m) and lithium-manganese atomic ratio (n) in spinel. These were 
directly determined by chemical analysis. Spinels on the parallel line against 
line AC have the same n value and that against line BC have the same m values. 
The oxygen stoichiometric spinel without oxygen deficiency presents outside of the 
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Fig. 2.6 Ternary phase diagram of Li-Mn-O spinels 
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basic triangle (shown in triangle, AGC), if n is less than 0.5. It is divided into two 
groups from the structural viewpoint. One is lithium-excess spinel with cation 
vacancy in only the 8a site (the area of triangle ABD) and the other is the oxygen- 
excess spinel with vacancy in 8a and/or 16d site (the area of polygon ADCG). 

The oxygen-deficient spinels are plotted in the area of polygon ABEFG, where 
E, F, and G are temporary and hypothetical compounds. Line AG has the relation, 
m + n = 4, and line AE, 3 m + n = 11. Point F is an extrapolation of line AB to 
n = 0.45. The 8a site lithium content is smaller than Mn 3+ content in the area of 
triangle ABE and a reverse relation presents in the area of polygon AEFG. The 
preparation of spinel at higher temperatures causes loss of oxygen; then its compo¬ 
sition moves in an upper parallel to AB line with same n values by the heating by 
higher temperatures or prolonged time. Spinel compounds in the area of polygon 
AGFH have a vacancy in both cation site (8a) and oxygen site (32e); however, those 
in the area of triangle AEH have only oxygen deficiency. Pure oxygen-deficient 
spinels with high crystallinity are scattered around corner A. 

The first report on the relation of cycle behavior and oxygen deficiency was 
reported by Yoshio and Xia in 1997. 36 As will be described later, the fact that the 
3.2-3.3 V capacity due to the oxygen-deficient spinel is explained by us 37 and sup¬ 
ports that the crystal structure of the oxygen-deficient spinel is the LiMn 2 0 4 _ s type. 
However, there were several different opinions for the structure of oxygen-deficient 
spinels such as: it had no substantial oxygen deficiency but had a structure in which 
the manganese ion shifted to the 8a site; it had a structure in which the manganese 
ion shifted to the 16c site; and there was Mn 2 0 3 as an impurity, although it could 
not be detected. The structure in which the manganese ion occupies 8a site would 
be speculated from the structure of tetragonal spinel Mn 3 0 4 . When the lithium 
content decreases and the average oxidation number of manganese approaches 3, 
the crystal distorts from cubic to tetragonal because of the Jahn-Teller effect of 
Mn 3+ as it is frequently said, and the transfer of manganese to 8a site occurs at this 
time. 34 Kanno et al. have clarified that the structure of cubic spinels is the oxygen 
deficient-type, using the analysis of neutron diffraction data with high reliability for 
the sake of its high sensitivity to oxygen and lithium. 38 They have also clarified that 
there is no cation mixing in the 8a site of oxygen-deficient spinel. 37 

The authors systematically carried out the research about the relation of the 
oxygen content in the spinel with the battery performance and the structural change 
in detail for the first time, and found that the battery characteristics of the spinel 
compounds are considerably dependent on the oxygen content. It was found by this 
study that some of the poor electrochemical behaviors are not common in spinels 
but peculiar in the oxygen-deficient spinel. For instance, the spinel compound has 
been considered to give the capacity fading during the cycling even at room tem¬ 
perature as described in most papers, and this capacity fading was attributed to the 
Jahn-Teller effect. However, we have elucidated for the first time that above spinel 
compounds are oxygen-deficient spinels. This will be explained in detail in the 
following. First, the charge/discharge curves of the oxygen stoichiometric spinel 
and the oxygen-deficient spinel are shown in Fig. 2.7. 37 Samples in Fig. 2.7a, b 
are an oxygen stoichiometric spinel LiMn 2 O 402 and an oxygen- deficient spinel 
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Fig. 2.7 Charge/discharge curves of oxygen stoichiometric spinel (left, a) and oxygen-deficient 
spinel (right, b) 


Li 1 002 Mn 199g O 3981 , respectively. The 4-V region of LiMn 2 O 402 consists of two 
smooth plateaus: the 4.0-V region (low-voltage plateau) and the 4.15-V region 
(high-voltage plateau). Here, the charge/discharge product of LiMn 2 0 4 is expressed 
as Lij x Mn 2 0 4 . The low-voltage plateau (x < 0.5) is a single-phase region (only 
cubic II phase exists) where the a -axis of spinel Li 1 x Mn 2 0 4 successively shrinks as 
the increase in x. The high-voltage plateau (x > 0.5) is a two-phase region where 
two cubic phases with different lattice parameter, Li 0 5 Mn 2 0 4 (cubic II phase) and 
A-Mn0 2 (cubic III phase), coexist. On the other hand, the oxygen-deficient spinel, 
for instance Li 1 002 Mn 199g O 3981 , have extra voltage plateaus at around 3.2 V and 4.5 V 
in addition to the high-voltage plateau and the low-voltage plateau in the discharge 
curve. The electrochemical reaction is different from that of the oxygen stoichio¬ 
metric spinel in the low-voltage plateau, it becomes a two-phase mechanism where 
cubic I and cubic II phases exist. 39 The capacity fading during the cycling is liable 
to occur because the charge/discharge process accompanies the phase transition in 
the two-phase region. Figure 2.8 shows the relations between the amount of oxygen 
deficiency and the cyclicity at room temperature for the spinel compound. Since a 
linear relation is observed between the amount of oxygen deficiency (<5) and the 
capacity retention percent, it is clear that the oxygen deficiency dominates the 
cyclicity at room temperature. Moreover, the extrapolated value of the capacity 
retention to 8 = 0 becomes 100%, and it indicates that the room temperature capac¬ 
ity fading during the cycling does not occur without the oxygen deficiency. Based 
on the above discussion, it will be understood that the capacity fading of the oxy¬ 
gen-deficient spinel during the cycling even at room temperature is attributed to two 
sets of the two-phase reaction in both the high- and low-voltage plateaus. 

In addition, the capacity fading during the cycling occurs in a simple oxygen 
stoichiometric spinel because the two-phase reaction proceeds in the high-voltage 
plateau; however, it is not so serious compared to that in the oxygen-deficient spinel. 
In other words, the reason for residual capacity fading of the oxygen stoichiometric 
spinel is the formation of A-Mn0 2 phase (cubic III) at deep delithiation. Finally, if 
deep delithiation of spinel is inhibited, an electrochemical reaction would proceed 
under the single-phase mechanism over all of the 4-V range and the cyclicity would 
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5 in LiMn 2 Oj^ 

Fig. 2.8 The relation between amount of oxygen deficiency (5) and capacity retention per cycle 
(CR per cycle) at room temperature 


be improved. The authors have already indicated that it is easily overcome by use 
of lithium-excess spinel Li 1+x Mn 2 0 4 without oxygen deficiency. 40 

However, oxygen-deficient spinels are formed easily when lithium-excess com¬ 
position is selected. Such a problem is easily solved by doping foreign metal ions, 
which accelerates the formation of oxygen-excess-type spinels. In the other words, 
the oxygen stoichiometric spinels are easily formed using the above doping tech¬ 
nique even for lithium-excess composition. The amount of the cation deficiency for 
foreign metal-doped spinel was estimated from the relations between the amount of 
the doped metal ion and the capacity (although it depends on the synthesis tempera¬ 
ture). These are determined to be 1% for chromium, 1-1.5% for cobalt and alumi¬ 
num, and 1.5-2% for nickel-doped spinels, and it is confirmed that the foreign 
metal ion doping promotes the formation of the oxygen stoichiometric spinel. The 
formation of oxygen deficiency in spinels cannot be neglected for the preparation 
at ca. 800°C even in the case of the foreign metal doping. Consequently, an excel¬ 
lent synthesis method is desired to fulfill two conditions, i.e., oxygen stoichiometry 
and prevention of A-Mn0 2 formation at a charged state. The detection of 3.2-V 
plateau in the discharge curve is convenient to confirm the presence of oxygen 
deficiency in the spinel compound. 

By the way, the battery manufacturers have recommended the high-temperature 
synthesis to get spinels with lower specific surface area, because they believed the 
statement in the paper 41 that the capacity fading during the cycling especially at the 
elevated temperature is dependent on the dissolution of manganese from spinel 
compounds. As a result, the oxygen-deficient spinel had been offered to the com¬ 
panies, and the physicochemical and electrochemical characteristics of such spinels 
had been measured. Then, the characteristics of the spinels reported in an earlier 
study were those of the oxygen-deficient spinel, and such reports gave extreme 
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misunderstandings for the characteristics of the spinel. These misunderstandings 
are enumerated as follows: 

1. The spinel deteriorates during the cycling. 

2. The largest deterioration occurs at a depth of discharge of 60-100%, 42 based on 
the measurement about the effect of storage time on the capacity fading at vari¬ 
ous discharge depths. 

3. The spinel compound changes its structure when it is cooled below the room 
temperature. 43 

It should be noted that all these descriptions concern the oxygen-deficient spinel 
and cannot be adopted to the oxygen stoichiometric spinel. That is, it is not over¬ 
done how strongly it is emphasized that the oxygen stoichiometric spinel does not 
have these three features. As mentioned above, it should be understood for the 
spinel compounds that the data of spinels, in which oxygen content is measured by 
the chemical analysis, would be reliable. 


23 . 2.2 Stabilized Spinel Compounds 

As previously described, the synthetic conditions for an excellent spinel compound 
are considerably restricted. First, it should be an oxygen stoichiometric compound. 
Second, doping of different kinds ions including Li + ion is required in order to 
proceed the to the charge/discharge process under the single-phase reaction 
throughout the 4-V region. The chemical composition of desirable spinels is 
described to be Li 1+j M Mi^ 0 4 . It will be necessary for such spinels to keep 
roughly 0 < v < 0.06 and 0.03 < y < 0.15 in order to withdraw the discharge 
capacity of around 100 mAh/g. Here, M is one or more kinds of metal ion excluding 
Li + ion. If the counterelectrode is metallic lithium, the cyclicity of the spinel com¬ 
pound is excellent even in the electrolyte of about 60°C. However, it is well known 
that the insertion and extraction of Li + ion for the graphite anode are obstructed by 
deposited mangnanese from the dissolved manganese ion in the lithium-ion batter¬ 
ies. Since the dissolved manganese ion causes deterioration in the cyclicity of the 
graphite anode, the performance of the lithium-ion battery also causes deterioration 
by the influence of the anode. 44 As this deterioration phenomenon of the anode is 
particularly remarkable in the high temperature electrolyte, the third condition to 
decrease the concentration of the dissolved manganese ion is required. 

The authors have developed a new method (two-step heating; initial firing at 
900-1,000°C and second refiring at 600-800°C) for synthesizing the spinel-type 
cathode material. We have succeeded in the preparation of spinels, which satisfy the 
above three conditions at the same time. 

Well-developed spinel crystallines with lower specific surface area are formed 
in the initial firing process. Such lower specific surface area is very effective to 
reduce the amount of manganese dissolution into the electrolyte. It is proven by the 
chemical analysis that the oxygen-deficient spinel absorbed oxygen and changed to 
the oxygen stoichiometric spinel in the second refiring process. However, it is 
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Fig. 2.9 Cycling performance of Mg-doped spinels at 60°C. Mg010-C800: oxygen-deficient 
Li i.035 M §0.093 Mn L 8 73 O 3.99; Mg075-N600: oxygen stoichiometric Li 1034 Mg 0080 Mn lg86 O 4010 ; 

Mg010-N600: oxygen stoichiometric Li 1 036 Mg 010 Mn 1 864 O 4021 ; MgOlO-ClOOO: oxygen-deficient 
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important in first process to prepare the spinel, in which the amount of oxygen 
deficiency is as small as possible for the sake of easy conversion to the oxygen stoi¬ 
chiometric spinel in the second process. In that case, it has been found that the 
magnesium ion, the aluminum ion, the nickel ion, and the cobalt ion are preferable 
for doping metal ions. 

Figure 2.9 shows the cyclicity of the magnesium doping spinel cathode for 
metallic lithium anode at 60°C. 45 It is understood that the cyclicity of the oxygen 
stoichiometric spinels is excellent. 

In the case of spinel compounds prepared at about 1,000°C with this method, the 
concentration of manganese ion is roughly 3 ppm even when spinels are stored in 
the electrolyte at 60°C for 4 weeks. Such value is significantly lower than 100 ppm 
of LiMn 2 0 4 prepared at 800°C. Finally, manganese dissolution from spinel can be 
reduced about 1/30 by the introduction of the initial heating process. As a result, 
the elevated temperature characteristics of the lithium-ion battery composed of the 
spinel cathode synthesized by this method and graphite anode are considerably 
improved, as shown in Fig. 2.10. 
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2.3.2.3 Structure of Manganese Spinel 

In spinel LiMn 2 0 4 , the light element, lithium, occupies the tetrahedral 8a site and 
the heavy metal element, manganese, occupies the octahedral 16d site; O 2- (32e 
site) forms the cubic close packing. The spinel of such a construction is called a 
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normal spinel. When a foreign metal ion is doped, most of the first transition metal 
ions substitute for manganese in thel6d site, and the crystal becomes normal spinel. 
However, the zinc ion or the iron ion substitutes for the 8a site according to the 
synthesis condition, and a random spinel in which the heavy metal element occu¬ 
pies a part of the 8a site is formed. 46 In addition, the gallium ion substitute both the 
8a and 16d sites. 47 The interesting point of the zinc-doped spinel is that it forms a 
cubic structure with the space group P 4132 in the case of slow cooling and causes the 
change in XRD pattern as shown in Fig. 2.11, where an additional five peaks in 
20°=15°-25° are clearly observed. Although manganese-based inverse spinel, in 
which the heavy metal ion completely occupies 8a site, is not known, LiNiV0 4 and 
LiCoV0 4 can be classified into inverse spinel in the cathode material for the lithium 
battery and the V ion occupies the 8a site. 48,49 The diffusion path of the lithium ion 
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Fig. 2.10 Cycling performance of lithium-ion battery composed of oxygen stoichiometric 
Li t 06 A1 q 15 Mn 17g 0 4 and graphite (MCMB6-28) at RT {open circle) and 60°C (filled circle ). 
Electrolyte contains vinylene carbonate. EC:MEC(3:7), 1-M LiPF6, 4.2-3.3 V 
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Fig. 2.11 XRD patterns of ordered (P 4132 ) and disordered zinc-doped spinel (F d3m ) 
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in this spinel is restricted to the route, such as the octahedral 16c site—the tetrahe¬ 
dral 48f site delithiated 16d. This difficulty in the diffusion of Li + ion is considered 
to restrict the capacity less than 50 mAh/g. In addition, the 8a site where the Li + ion 
exists shares its plane with four 16c sites in the normal spinel, and the Li + ion can 
easily shift from the 8a site to the 16c site. 


2.3.2.4 Capacity of Spinel Compound 

The authors have confirmed that the measured capacity of the oxygen stoichiometric 
spinel compound coincides with the capacity calculated from the Mn 3+ ion content, 
which was experimentally obtained by chemical analysis within an experimental 
error. Further, we have established the equations for calculation of capacity from 
the composition of spinel compounds using the lithium-manganese ratio ( n ) and 
the average oxidation number of manganese (m), which are determined experimen¬ 
tally. 36 ’ 4049-52 The classification of spinel compounds, the spinel formula, and the 
equations for the calculation of theoretical capacity are shown in Table 2.3. The 
oxygen stoichiometric spinel is classified into the lithium-excess spinel and the 
oxygen-excess spinel, based on the difference in the site of the cation vacancy. 
However, the ratio of the Mn 3+ ion/total Mn above two spinel is commonly 
described as (4 - m)/(m + n)\ both equations for the theoretical capacity become 
equal. On the other hand, the same equation for the capacity is applicable even for 
the oxygen-deficient spinels with n< 0.5 and 4< m + n. Two types of oxygen- 
deficient spinels with different chemical formulas would form. One type of spinel 
can be described as the formula of M 0 4 _ 5 (M is arbitrary cation), which has a defi¬ 
ciency only in the oxygen site. The other would be described as the formula of 
Lq z Mn 2 0 4 _ § (z> 0), which has additional cation deficiency in the 8a site because 
manganese occupies only the 16d site in the oxygen-deficient spinel. If the electro¬ 
chemical oxidation of the spinel compound accompanies the oxidation of Mn 3+ to 
Mn 4+ and the release of the Li + ion for the charge compensation, then the capacity 


Table 2.3 Classification, spinel formula, and capacities of spinel Li-Mn-O compound 2 ^ 


Classification 


Spinel formula 

4 V capacity 

Oxygen 

stoichiometric 

Lithium 
excess spinel 

Li [M!n^ /( w+m ) L1(-7 W _ W ) / ( W+W7 ) 1—1 (3w-5«-8) /(n+ra) J ^4 

m/7 < n < (3m-8)/5, 3.5 < m < 4.0 

1184(4-m)/ 

(m+n) 

spinel 

Oxygen 
excess spinel 

/(n+m) {m-ln)l {n+m^^^^l(n+m) ^ (2n+2w-8)/(n+m)-^^4 

n < mil , 4.0 <m + n 


Oxygen-deficient 

spinel 

Mn 3+ lack type 

Li[Mn 3/(n+1) Li (2n _ 1)/(n+1) ]0 3(m+n)/2(K+1) n (8+5n _ 3jM)/2(n+1) 

n > (3m-8)/5, 3 m + n> 11 

1184(4-m)/ 

(m+n) 


Li + lack type 

Li [Mn 3/(w+1) Li (2n _ 1 )/(n+ :) ] 0 3 ( m+ „) /2(n+l) ^ (8+5n-3m) / 2 (n+1) 

n > (3m-8)/5, 3m + n < 11 

148 



Li □ [MnJO + □. 

2 n 1-2 n L 2 J m+n 4-m-n 

n < 0.5, 4.0 <m + n 

296 n 


a D: Vacancy 

b Formula weight and Mn content are conventionally assumed as same as those of LiMn 2 Q 4 
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of spinels would be controlled by the Mn 3+ content or Li + content in the spinel; here, 
we believe Li + in the 8a site is electrochemically active. 

We can divide the oxygen-deficient spinel for its capacity. The Mn 3+ content 
would control the capacity of one type of oxygen-deficient spinel; the capacity is 
expressed same equation as the oxygen stoichiometric spinel previously mentioned. 
If the lithium content in the spinel restricts the capacity, although experimental 
verification has not been carried out, the capacity of such a spinel would be calcu¬ 
lated to be 296 n. 

The oxygen-deficient spinels have two equivalent additional discharge plateaus 
at 3.2 V and 4.5 V. It already has been experimentally confirmed that the relation¬ 
ship, C 32V (mAh/g) = 4445, exists between the amount of oxygen deficiency, <5, and 
the capacity at 3.2 V, C 32V (Fig. 2.12). This capacity can be explained by the par¬ 
ticipation of five O 2- ion-coordinated Mn (MnO s ) from the crystallographic view¬ 
point as follows. Three manganese ions and one lithium ion surround an oxygen 
anion, and three Mn0 5 are formed when an oxygen ion is lost, i.e., formation of one 
vacancy as shown in Fig. 2.13. Three Mn0 6 octahedra bond to three Mn0 5 sharing 
their edges. The redox potential of all 12 Mn would be changed and generate new 
voltage plateaus at 3.2 V and 4.5 V. Here, we consider the capacity of oxygen- 
deficient spinels. The capacity for six Mn 3+ ions per one oxygen deficiency (half of 
12 Mn) is reflected by the total capacity of 3.2 V and 4.5 V. The formation of the 
oxygen deficiency in LiMn 2 0 4 can be expressed by 

LiMn 2 0 4 = LiMn 2 0 4 _ § + S120 2 (2.1) 

For a 1-g sample of LiMn 2 0 4 _ § (formula weight: F w ), the mole of the oxygen defi¬ 
ciency in this sample is S/F w . Therefore, the mole of the Mn 3+ ion that is influenced 
by the oxygen deficiency becomes 6<5/F w . If 5 is small, the value of F w in LiMn 2 0 4 _ s 
can be approximated by the formula weight of LiMn 2 0 4 , and the total capacity of 



Fig. 2.12 The relation between C 3 2 v and 8 in LiMn 2 0 4 _ s 
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Fig. 2.13 Local structure around oxygen deficiency 

3.2-V and 4.5-V region is 65 x 148 mAh/g = 8885 mAh/g, and one half of it cor¬ 
responds to the 3.2-V capacity of 4445mAh/g. 

In the spinel material used as a cathode material, the cyclicity is improved by 
preventing the formation of the A-Mn0 2 phase, and the electrode reaction at a high 
voltage plateau is changed to the single-phase reaction by introducing the Li + ion 
and the foreign metal ion into the 16d site. However, the control of the composition 
of the 16d site decreases the Mn 3+ ion content and causes a decrease in capacity. 
Here, the capacity of spinels with the ratio of lithium/other metals = 0.5 will be 
explained. The chemical formula of the oxygen stoichiometric spinel containing 
foreign metal (M) can be expressed as Li jc M y Mn 3 _ jc _ y 0 4 in such cases. Here, the 
atomic ratio M/(Mn + M) is defined by/[= y/2\. When the formula weight of this 
spinel is approximated by the formula weight of LiMn 2 0 4 , the capacity C (mAh/g) 
per 1 g of the foreign metal-doped spinel can be calculated using the mole of the 
Mn 3+ ion in 1 g of spinel. Then, it can be expressed by (2.2), 52 53 where the charge 
of foreign metal ion (M) is expressed as v + : 

C(mAh/g) = 148[1—3s - (4v)/] (2.2) 

That is, the smaller the charge of the foreign metal ion and the larger the /, the 
capacity decreases. The composition of the spinel can be designed to calculate the 
biggest capacity, where cation vacancy, s, is equal to zero. 

In an ideal 5-V spinel cathode material, the manganese ion is tetravalent 54 and 
the redox species are foreign metal ions. Nickel, copper, iron, cobalt, and chromium 
are known as a foreign metal M. 55 The highest 5-V capacity is obtained for the 
composition of LiM Q 5 Mn 15 0 4 and LiMMn0 4 , where M is divalent and trivalent, 
respectively. Although a capacity of 145-147 mAh/g can be expected for the divalent 
metal (Ni, Cu) under the two-electron transfer mechanism, only LiNi 1/2 Mn 15 0 4 
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exhibits a discharge capacity of ca. 140 mAh/g in the 5-V region. Although a volt¬ 
age plateau at the 4-V region based on Mn 3+/4+ due to the formation of oxygen 
deficiency appears in this spinel, the introduction of the oxygen absorption process 
for repairing the oxygen deficiency (annealing under the oxygen atmosphere) is an 
important technology for increasing the 5-V capacity. 5657 In the spinel substituted 
by iron, cobalt, and chromium, the ideal composition with the highest capacity is 
LiMMn0 4 because all three kinds of metals exist as trivalent. Although any sam¬ 
ples cannot exhibit a capacity of more than 100 mAh/g in the 5-V region, LiCrMn0 4 
has no 4-V region because of the absence of oxygen deficiency. 


2.3.2.5 Charge/Discharge Mechanism 

As it has been already described, it is important for maintaining an excellent cycla- 
bility in spinels to keep single-phase mechanism over all 4 V region. Therefore, it 
is very important to elucidate the charge/discharge mechanism. Two types of reac¬ 
tions are reported for the electrochemical reaction of Li in spinels: The one is the 
single phase mechanism, where the unit cell simply shrinks or expands during 
charge or discharge. The other is the two-phase reaction, where two different crys¬ 
tal phases coexist and the ratio of both crystal phases changes. The differences 
between these two electrochemical reactions are observed in the open circuit volt¬ 
age (OCV) and the X-ray diffraction profiles. The OCV curve in two-phase mecha¬ 
nism should give flat shape, however, it might give S type curve even in case of the 
measurement under the non-equilibrium state, and it is likely to misidentify as a 
single-phase mechanism. Moreover, in the XRD measurement using the CuKa line 
(two kinds of wave lengths of K al and K ^ are irradiated) etc., two diffraction lines 
of original and produced spinel with closed lattice parameters in the two-phase 
mechanism are duplicated, and they are regarded as a broad diffraction line. Finally, 
it might be misunderstood as a single-phase mechanism. Analysis of XRD with 
high accuracy is possible to use a synchrotron light because monochromatic X-ray 
with high intensity is obtained. It has been already clarified for the first time by the 
authors’ joint research that the charge/discharge mechanism of the oxygen deficient 
spinel in the low voltage region is a two-phase reaction. 39 

Figure 2.14 shows the changes in the cubic lattice parameter during the charge 
for three typical spinel compounds. The reaction of LiMn 2 0 4 consists of a single¬ 
phase reaction in the low-voltage plateau, where the lattice parameter continuously 
decreases, and a two-phase reaction in the high-voltage plateau, where two cubic 
phases with different lattice parameters exist. In the oxygen stoichiometric spinel 
of the metal ion doped-type or the lithium excess type, electrochemical processes 
at both high-voltage plateaus and low-voltage plateaus proceed in a single-phase 
mechanism, and the lattice parameter continuously changes. On the other hand, in 
the oxygen-deficient spinel, two crystal phases with different lattice parameters 
exist for both low-voltage plateaus and high-voltage plateaus. That is, the cubic 
phase I of a lattice parameter 8.25 A and the cubic phase II of 8.17 A exist in the 
low-voltage plateau, and it only becomes cubic II at v = 0.5. In addition, the cubic 
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Fig. 2.14 Lattice parameters of delithiated stoichiometric LiMn 2 0 4 (a), oxygen stoichiometric 
spinel (b), and oxygen-deficient spinel (c) 

phase III of 8.06 A is formed when the delithiation proceeds, and the crystal phases 
of cubic phase II and III coexist. The ratio of cubic phase III increases as the del¬ 
ithiation proceeds. 

The similar lattice change of such an A type and C type in Fig. 2.14 are reported 
even for a 5-V cathode material such as LiNi 05 Mnj 5 0 4 . 58 The electrochemical reac¬ 
tion in both low- and high-voltage plateaus are considered to be the two-phase 
reaction the same as in the oxygen-deficient spinel (C). That indicates the possibil¬ 
ity of existence of the oxygen deficiency in the sample used in that report. 
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2.3.3 Olivine Compound 

Orthorhombic LiFeP0 4 of the olivine structure forms FeP0 4 during charging/ 
discharging, and two crystal phases exist during charging/discharging; thus it 
exhibits a flat discharge curve. 59 The accurate crystal structure of orthorhombic 
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FeP0 4 formed by charging was obtained using the Rietveld method. 60,61 Substitution 
of iron by manganese transforms the shape of the charge/discharge curves. The 
capacities of the lower (3.5 V) and higher voltage region (4.0 V) correspond to the 
content of iron and manganese. Therefore, a manganese substitution is effective to 
increase the energy density. However, it causes the decrease in conductivity, which 
leads to poor rate performance. 


2.4 Problems of Cathode Materials (Safety Problem 

of Layered Material and Spinel LiMn 2 0 4 Type Materials) 

2.4.1 Layered Materials 

The cathode materials of lithium batteries have a strong oxidative power in the 
charged state as expected from their electrode potential. Then, charged cathode 
materials may be able to cause the oxidation of solvent or self-decomposition with 
the oxygen evolution. Finally, these properties highly relate to the battery safety. 

The self-decomposition reaction of the charged products in LiCo0 2 and LiNi0 2 
is examined in detail using the thermal analysis and the X-ray diffraction method. 
The thermal decomposition reaction of electrochemically delithiated Li x Co0 2 (0.4 
< y < 0.6) is simple, for example, when y - 0.5, the reaction obeys the (2.3) and 

(2.4) , and LiCo0 2 and Co 3 0 4 are observed to be the decomposition products. 62 On 
the other hand, it is more complicated in LiNi0 2 . The crystal structure at the 
charged state becomes rhombohedral or a monoclinic phase, depending on the 
charged state and the composition of the sample. LiNi^O with the rock salt struc¬ 
ture from Li Ni0 2 is formed at y > 0.7, 63 and a layered product is formed via a 
spinel phase at y < 0.7. 64 The reaction process for y = 0.5 is indicated in (2.3) and 

(2.4) . However, it is difficult to determine whether the spinel phase is formed or not 
because of the similarity in XRD patterns of the spinel and layered structure. 
Although the formation of the spinel phase is easy in the nickel-excess-type com¬ 
pound, 65 it would be difficult to form LiNi 2 0 4 in a short time during the thermal 
analysis by transformation of Li Q 5 Ni0 2 to LiNi 2 0 4 , which requires tens of hours in 
high purity LiNi0 2 . 66 The difference between both reactions in Li Q 5 Ni0 2 is the pres¬ 
ence of oxygen evolution; therefore, the oxygen evolution is judged from the 
weight loss of thermogravimetry: 

Li 05 Co0 2 = 1/2 LiCo0 2 + l/6Co 3 0 4 + l/60 2 (2.3) 

Li 0 5 Ni0 2 = (1/2 LiNi 2 0 4 ) = 3/2 Li Q33 Ni 067 O + l/40 2 (2.4) 

The main difference between the above two equations is the amount of evolved 
oxygen gas. Since Li Q5 Ni0 2 release 1.5 times of 0 2 than Li Q5 Co0 2 , LiNi0 2 has a 
greater possibility to generate heat than LiCo0 2 . 
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Thermal analysis of the charged product without electrolyte gives information 
only about self-decomposition; then we can know the thermal property of the 
decomposition reaction, the oxygen-releasing temperature, and the amount of 
released oxygen. However, thermal runaway in a charged cell is caused by an endo¬ 
thermic reaction between electrolyte and evolved oxygen; measurements concern¬ 
ing the safety of the cell should be evaluated in the presence of an electrolyte. 

Dahn et al. 67 have evaluated the heat generation of various charged cathode 
materials in the presence of an electrolyte by DSC measurement. These data for 
various cathode materials are summarized in Figs. 2.15a, b in order to understand 
the relation of the charging capacity with the heat generation and its rate. The total 
heat generation increases with an increase in the charging capacity for all cathode 
materials. Plots of 4-V class cathode materials, LiCo0 2 , LiNi0 2 , LiMn 2 0 4 , and 
LiNi 0g Co 02 0 2 , roughly lie on a straight line in Fig. 2.15. No extreme deviation is 
observed among 4-V class cathode materials except for LiNi 3/g Co 1/4 Mn 3/8 0 2 . The 
3-V class LiFeP0 4 shows lower heat generation. It would be due to its lower 
oxidative power or stability of a strong covalent bond in P0 4 3- . The behavior of 
LiNi 3/8 Co 1/4 Mn 3/g 0 2 is strange. It shows extraordinary lower total heat generation. 

These data would guarantee excellent thermal stability of LiNi 0 5 Mn Q 5 0 2 -based 
cathode materials, such as LiNi 1/3 Co 1/3 Mn 1/3 0 2 . 

LiNi0 2 exhibits uniqueness for the rate of heat generation, i.e., the rate of heat 
generation suddenly increases at the composition of Li 0 3 NiO 2 , which contains a 
Ni0 2 phase. Therefore, if the formation of Ni0 2 phase is protected, a sudden 
increase in the heat generation rate would be protected. In fact, the rate of heat 
generation greatly decreases cobalt doping by 20%. Many researchers 67,68 have 
reported excellent effects of cobalt doping into LiNi0 2 on the thermal stability. 
It also is reported that the safety of LiNi0 2 is greatly improved by the substitution 
of l/4Ni by Al. 69 Since the reaction between charged electroactive material and the 


O :LiMn 2 0 4 , #:LiCoO Zf UiLiN^Mn^O^ ■:LiNi0 2j A 
rLiNia/aMnj/aCo^Oj, ♦ LiFePO, 
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Fig. 2.15 Relation between charge depth and heat generation (a) or its power (b) for various 
cathode materials 
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electrolyte occurs at the interface, the decrease in the particle size of electroactive 
material causes the increase in the rate of heat generation. 70 Therefore, it is danger¬ 
ous to use nanosized particle to improve rate capability. 

The evaluation of safety for the cathode material also is carried out in the poly¬ 
mer battery system. The Li Q6 Co0 2 , Li Q6 Ni0 2 , and Li Q23 Mn 2 0 4 have exothermic 
peaks of about several W/g in the range of 200 to 300°C 71 ; therefore, the reaction 
between the organic materials and the oxygen generated by the thermal decomposi¬ 
tion of cathode material is basically inevitable. In addition, details in the evaluation 
of safety on lithium-ion batteries are referred to in the paper by Tobishima et al. 72 


2.5 Recent Progress in Practical Cathode Materials 
for Lithium-Ion Batteries 

The battery characteristics, capacities, densities, shapes of the charge/discharge 
curves, and problems of typical cathode materials, which are used or developed for 
the lithium-ion battery, are listed in Table 2.1. The LiCo0 2 has more than a 90% 
share in the market of cathode material for the lithium-ion battery, which is applied 
to cellular phones and portable computers. It has been used since this battery was 
developed. Manganese-based materials have a share of residual several percent. 

The most important factor for a battery is how to increase the active material in 
the cell with the limited volume. Therefore, the capacity per unit volume is a key 
factor. The cobalt-based material is still a promising material because an 808 mAh 
of capacity per unit volume is achieved for the sake of its higher density. Moreover, 
the shape of the discharge curve also is important because the design of the electric 
circuit for the charge/discharge control of battery is easier for its sloped curve. 

The capacity of lithium-ion batteries has been increased by the improvement of 
the carbon anode in the initial stage; however, recent improvements in capacity are 
achieved by the increased charge voltage. Doping foreign ions into LiCo0 2 allows 
the use of a higher charge voltage without capacity fading. 173-75 The current 18650- 
type battery with aluminum- or magnesium-doped LiCo0 2 cathode can deliver the 
capacity of higher than 2.4 Ah. 

The practical application of nickel-based materials with large capacity per unit 
volume has been delayed from the viewpoint of safety; however, the safety of the 
foreign metal-doped LiNi0 2 was confirmed and the practical use of the nickel- 
based cathode started in fiscal year 2004. 

By the way, spinel LiMn 2 0 4 -type materials exhibit excellent safety, so it is con¬ 
sidered to be a promising candidate for large-sized batteries such as for hybrid 
electric vehicles (HEV) and electric vehicles (EV). Battery modules for HEV can 
be prepared only by connecting ten single cells with the capacity of ca. 10 Ah in 
series. A lightweight laminated-type battery is suitable for such an application, and 
the battery price will become more inexpensive. A laminated-type battery contain¬ 
ing the manganese-based material appeared in the market as a power source for the 
motorcycle (metal casing) and the motor-assisted bicycle in 2002. This type battery 
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came into practical use as the power source for HEV in 2003. Capacity fading of a 
manganese-based cathode at elevated temperatures has been overcome; it then is 
almost definite that the manganese-based materials will be used for this type of 
battery. Magnesium- and aluminum-doped spinels, which have the lowest tendency 
to form oxygen-deficient compounds, are used mainly. 

In Sect. 2.5.1 the design policy of the cobalt-based material used for more than 
10 years is described in detail. The changes of design policy, which depends on the 
safety or charge/discharge conditions of battery, are examined and the current states 
of nickel- and manganese-based materials, which will appear in the market within 
1-2 years, are described. 


2.5.1 Recent Cobalt-Based Materials 

The lithium-ion secondary batteries appeared on the market in 1990. The anode 
material was changed later from hard carbon to graphite; however, the cathode 
material is consistently LiCo0 2 . Battery-processing technologies also have been 
improved and the capacity has been improved by about three times during its his¬ 
tory. However, the progress in LiCo0 2 should not be neglected. Recently, the prop¬ 
erties of LiCo0 2 have been considerably improved to fit the pulse discharge with 
high current, which is demanded for recent cellular phones. 

First, let us consider the matters required for LiCo0 2 . The specification of 
LiCo0 2 supplied by a certain company is shown in Table 2.4 as an example. 
Naturally, the most important property is the electrode density, which is related to 
the packing density and the density of the sheet electrode. These data are important 
for the battery manufacturers in order to stuff the cathode active material, such as 
LiCo0 2 , into the battery case with constant volume as much as possible. Currently, 
it seems that 96 wt% of the cathode mixture is LiCo0 2 and the residual 4 wt% is 
the binder and the conductor, such as carbon. Thus, it is important to stuff electroactive 
LiCo0 2 even 1% more. The electrode density within the battery case is increased 
by the increase in both cathode sheet density and packing density, which leads to 
the improvement of cell capacity. 


Table 2.4 Specification of a LiCoQ 2 Sample 


Item 


Impurities 

Content (wt%) 

Li content (%) 

6.60-7.40 

C0 3 0 4 

< 1.0 

Co content (%) 

59.3-60.7 

so 4 

<0.30 

Li/Co (in mole) 

0.95-1.01 

h 2 o 

<0.20 

SSA (Specific Surface Area) (m 2 /g) 

0.35-0.55 

Ni 

<0.10 

D 5Q (average particle size) 

7.0-9.0 

Cl 

<0.10 

Aerated density (g/cm 3 ) 

0.9-1.3 

Na 

< 0.050 

Packed density (g/cm 3 ) 

1.9-2.3 

Fe 

< 0.020 

pH of 10% slurry 

9.5-11.0 

K 

< 0.010 
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It is considered to be important to control the atomic ratio of Li/Co in the pro¬ 
duction of LiCo0 2 . One of the features of this product is that its ratio is generally 
less than one. The cathode slurry is prepared by dispersing the conductor and elec¬ 
troactive LiCo0 2 in the N-methyl-pyrrolidone solution containing polyvinylidene 
fluoride (PVDF). It is unavoidable that some water is contaminated into the slurry. 
When the unreacted lithium in LiCo0 2 remains as Li 2 0, it reacts with water in the 
slurry, and the cathode slurry becomes basic. The cathode slurry changes to a gel 
state in such basic media; as a result, the cathode slurry cannot be painted onto the 
aluminum collector. Therefore, conventional raw LiCo0 2 is washed with warm 
water in order to prevent gel formation of the cathode slurry. In an example of the 
product supplied by a company, the pH of 10 wt% LiCo0 2 aqueous dispersion is 
adjusted to 9.5-11.0. The recommended pH is less than 10.5. This manufacturer 
supplies LiCo0 2 with Li/Co < 1, so there is a possibility for making the unreacted 
lithium salt in the product close to 0. It can be considered that the washing process 
of raw LiCo0 2 would be removed for cost reduction. 

The specific surface area (SSA) also is one of the guidelines, since the reaction 
area is large when the surface area is large. It is obvious that cathode materials with 
a high SSA have improved rate performance for high-current discharge. However, 
the density of the material inevitably decreases when its surface area increases; then 
the electrode density becomes small. Finally, there is a limitation in enlarging the 
SSA. Of course, if nanoparticles are used as an electrode-active material, it causes 
an extreme decrease in density. Further, the battery safety might be seriously ruined 
even if the rate performance is improved. Therefore, nanosized cathode material 
could not be recommended. Such materials are not used practically because they 
have a high possibility of firing in the nail penetration test (a type of battery short- 
circuit test) and the hot box test (battery heating test in air bath at 150°C). 

The desirable average particle size and its distribution are highly related to the 
coating process of each battery manufacturer. Then, they are different in each bat¬ 
tery manufacturer. Moreover, they are different for the type of batteries: prismatic, 
cylindrical, or polymer batteries, even if they are produced by the same manufac¬ 
turer. The mass production of the same kind of material is difficult, because these 
factors are relative to the battery characteristics. The selection of desirable material 
is also different corresponding to each use or each machine of the battery manufac¬ 
turer. This is one of the reasons why the manufacturer of cobalt raw material in the 
world cannot start the mass production of LiCo0 2 with the same properties. 

The impurities, which cause a redox reaction in the battery, should be removed 
from product. Remaining Co 3 0 4 in the cathode has been viewed with suspicion in 
recent years. The Co 3 0 4 dissolves into the electrolyte as ions during the repetition 
of discharge. This ion is reduced on the anode and precipitates in the form of metal¬ 
lic Co(0); then the intercalation of Li is obstructed for the increase in the anode 
impedance. A considerable amount of preliminary information is obtained from the 
specification of the cathode material as described. 

Next, we will explain the synthetic condition of LiCo0 2 and its physical and 
electrochemical characteristics from the viewpoint of actual industrial products. 
In general, the easiest method to control the physical property of LiCo0 2 is to 
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change its Li/Co ratio. The author already has reported that the structural change 
from the rhombohedral structure to the monoclinic structure at around 4.1 V disap¬ 
pears by changing the Li/Co atomic ratio to more than 1, 76 In this section, we will 
explain in detail the physical properties of LiCo0 2 with various Li/Co ratio. 

SSA decreases with increases in Li/Co, as shown in Fig. 2.16. It is understood 
that the crystal of LiCo0 2 grows easier and sintering of such crystal forms larger 
particles under the high Li/Co ratio, so it is expected that SSA decreases with 
increases in the Li/Co ratio. Figure 2.17 shows SEM photographs of LiCo0 2 with 
Li/Co =1.0 (the left side) and 1.05 (the right side). Although the particle size is 
about 2-3 pm for the sample with Li/Co = 1.0, the particle size of samples with Li/ 
Co = 1.05 becomes about 10 pm. It is clear that the crystal has grown easily at high 
Li/Co ratio. The decrease of SSA at high Li/Co ratio also is confirmed as expected. 
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Fig. 2.16 Relation between SSA and Li/Co ratio in LiCoO, 



Li/Co = 1.00 


Li/Co - 1.05 


Fig. 2.17 Morphology of LiCo0 2 particles with Li/Co mol ratio of 1.00 and 1.05 
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It would be clear that higher Li/Co ratio is suitable to produce dense material with 
higher bulk density and higher tap density (Fig. 2.18). Here, it should be noted that 
the particle size distribution obtained by the wet method is different from that by 
SEM photograph in some cases. The relations between the Li/Co ratio and the 
particle size distributions (D 10 , Z> 50 , D go ) determined by the microtrack method (wet 
method) are shown in Fig. 2.19. The particle size of the sample with Li/Co = 1.00 
is determined to be as small as 2-3 pm by the SEM photograph; however, the Z> 50 , 
which means average particle size, obtained by the particle size distribution 
analysis is 10 pm. The differences in particle size by both measurements indicate 
that the aggregation of the line particles proceeds under the dispersion in the solution. 
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Fig. 2.18 Bulk density (filled circle) and tap density (open circle) of LiCo0 9 with various Li/Co 
mol ratio 
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Fig. 2.19 Particle size distribution of LiCo0 2 with various Li/Co ratio 
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In other word, fine particles aggregate in the solution and they are measured as 
large particles in the case of the wet method. Consequently, measured particle size 
in the wet method would not reflect the size of primary particles but the size of 
aggregated secondary particles. 

On the other hand, when the particles are growing and become as large as 10 pm 
in the SEM photograph, the average particle size measured by the microtrack 
method is D 50 = 10 pm, as shown in Fig. 2.19. Both methods give the same particle 
size. The aggregation of particles is protected as the increase in particle size. The 
particle size distribution reflects the primary particle size in such case. The particle 
size of the product once decreases and the excess Li remains in product as Li 2 0 for 
the synthesis at a higher Li/Co ratio. The amount of remaining Li 2 0 can be esti¬ 
mated by dispersing LiCo0 2 into the aqueous solution and measuring its pH. 

The relations between the pH of its 10 wt% suspension and the Li/Co ratio in 
the raw materials are shown in Fig. 2.20. As the cathode slurry changes to a gel 
state at the pH > 10.5-10.6, it is necessary to wash the product with warm water for 
adjusting its pH. 

In addition, the effect of the Li/Co ratio on the properties of LiCo0 2 , such as the 
crystal size and the pH of the suspension, is described in the paper by the Nippon 
Chemical Industrial Co., Ltd. 77 Since LiCo0 2 with high Li/Co ratio has both a dis¬ 
advantage and an advantage for the battery characteristics, optimization is required 
for the synthesis of the product. 

Now, let us look back on the history of LiCo0 2 synthesis. According to Nishi 
(Sony Corp.), the synthesis method at the early stage is as follows. 78 The Co 3 0 4 and 
Li 2 C0 3 of raw materials are mixed in an aqueous solution containing polyvinyl 
alcohol to make slurry, and this slurry is baked. In this case, the Li/Co mixing ratio 
is set at larger than one. The baking temperature is set to be more than 900°C in 
order to improve the safety of the battery. Moreover, excess Li 2 C0 3 remains in the 
product due to the high Li/Co mixing ratio. However, when this is used as the cathode 
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Fig. 2.20 The pH of 10 wt% Li^CoO,, slurry 
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in lithium-ion battery, the remaining Li 2 C0 3 generates C0 2 even if the cell is 
overcharged by any chance. Finally, the battery safety is improved by rupturing the 
safety valve of the battery by the pressure of generated C0 2 gas. It already has been 
described that the particle size becomes large and the sintering proceeds more 
easily at higher Li/Co ratios. It is effective to use the cobalt compound with a large 
particle size for improving the battery safety, such as the nail penetration test. 
The LiCo0 2 with a large particle size was used in the battery at an early stage. 
However, the necessity for using such a cathode material with a large particle size 
has been decreased due to the progress in the battery manufacturing technologies. 
The recent cathode material has a small particle size as shown in Table 2.4 in order 
to improve the battery characteristics, especially the high rate performance. 
Consequently, the highest baking temperature is set lower than 900°C, so that the 
sintering would not proceed easily. Moreover, it has been found that a part of excess 
Li 2 C0 3 remains in the form of Li 2 0 after the baking. Recently, the Li/Co ratio is set 
close to one or slightly lower; thus the remaining Li 2 0 content after baking has 
been decreased. In other words, a low-cost process without washing would be used. 
Such information can be read out from the specification of LiCo0 2 supplied by a 
certain company. The Li/Co ratio decreases very close to 1 and the baking tem¬ 
perature also seems to be decreased. On the other hand, the raw materials, Co 3 0 4 
and Li 2 C0 3 , are used now. 

However, the production method of LiCo0 2 has been changed over the past 2-3 
years. Its reason is mainly attributed to the progress in cellular phones. It seems that 
this new type of LiCo0 2 has not been adopted by the battery manufacturer in South 
Korea and China yet, but it will be used after fiscal year 2003. The pulse discharge 
mode in the third-generation cellular phone is shown in Fig. 2.21. 

In this system, a 2A of maximum current is discharged for 0.6 msec during talking 
in order to catch the signal for communication. This high current is a considerably 
excessive requirement for the battery. For instance, much high current, such as a 


0.6 msec 



0 mA 


time elapse -► 

Fig. 2.21 A pulse discharge of GSM-type cellular phone 
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4-C rate, is discharged for a short time from a battery of 500 mAh/g. Moreover, for 
the mobile phone, requirements in the cellular phone for high current uses, such as 
the use of color display, the use of digital camera, and the signal transmission to the 
satellite capable of an overseas phone call, are steadily increasing. Production 
methods of LiCo0 2 have been improved in order to use the battery at a current of 
3-C to 4-C rate. The primary particle size of LiCo0 2 is controlled to 1-2 pm for 
withdrawing such high discharge current. Furthermore, the secondary particle size is 
controlled to 5-10 pm for keeping a higher density of LiCo0 2 and its electrode 
density. Such increased particle size is also effective in order to avoid the increase in 
SSA due to the decrease in primary particle size. In order to synthesize this type 
LiCo0 2 with potential of high rate discharge, the synthesis method such as the 
following hydroxide method has been developed along with the conventional 
granulation method (solid phase-solid phase method). Currently, the new type of 
LiCo0 2 has been synthesized mainly by the hydroxide method. The raw material 
would be changed from the conventional cobalt oxide to the cobalt hydroxide. 
In this method, the precipitate of the hydroxide is synthesized by increasing the pH 
of aqueous cobalt solution to more than 7. In this case, the precipitation condition, 
the pH, the aging temperature, and so forth are controlled to get particles with desirable 
size and shape. Afterward, the precipitate is mixed with the Fi 2 C0 3 and baked to 
synthesize LiCo0 2 . Now, let us introduce an example with a spherical shape in 
particular. Its SEM image is shown in Fig. 2.22. It can be seen that the primary 
particles with 1-2 pm aggregate and form the secondary particles with ca. 10 pm. 
This homogeneous spherical size type of LiCo0 2 cannot be used as a cathode of 
lithium-ion batteries, because the packing density is not enough. A battery using the 
LiCo0 2 with loosely formed secondary particles is shown in Fig. 2.22 (left). 

An active material whose physical properties and chemical properties fit the 
requirements, such as the standard of the targeted battery, the specification of the 
electrode based on the battery, and the balance with the submaterials except for an 
electroactive material is selected. The accumulation of data, which can fulfill any 
requirement, would be important. 



Fig. 2.22 SEM photograph of LiCo0 2 with different types of secondary particles 
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2.5.2 Recent Layered Nickel-Based Cathode Materials 

In the LiNi0 2 type materials, the chemical formula of the prepared sample would 
be basically described as Li Ni 0 2 (x > 0). A strict preparation condition is 
required because a part of the nickel ions may occupy the lithium-ion layer. 
Therefore, the following three synthesis methods, by which the raw materials can 
be mixed in the atomic level, are usually applied (the solid-state method is basically 
not suitable to prepare pure material): 

• Spray drying method 

• Hydroxide method 

• Mixed metal carbonate method 

All these methods are a kind of co-precipitation method. It is possible to mix several 
elements at the atomic level by using such a co-precipitation technique. These 
methods have the advantages in the control of the primary particle size and the 
secondary particle size against the solid-state method, that is, the fine particle control 
becomes possible. Furthermore, it has the advantage of enabling the control of 
crystallinity and the surface morphology. However, in some cases, this method 
might not be practically used for mass-production because the processing technology 
is too elaborate. 

The sol-gel method is frequently reported as a synthesis method in the laboratory. 
However, the description about this method is omitted because production cost is 
too expensive and this method is not suitable for industrial mass production except 
for an experimental use. 

2.5.2.1 Synthesis by Spray-Drying Method 

The spray-drying method, 79 developed by Toda Kogyo Co. (formerly Fuji Chemical 
Industry Co.) is well known. Their sample was shipped to many companies world¬ 
wide, and it has been confirmed that it has excellent characteristics. In particular, 
the safety test has been finished in Saft Co. in France and in Samsung in South 
Korea in 1999. Those results were disclosed to the public at the international con¬ 
gress. According to what I heard, Saft Co. selects the nickel-based material as the 
cathode material of the lithium-ion battery for EV, concluding that the capacity 
fading problem of the manganese-based cathode at elevated temperatures would not 
be overcome. Moreover, this material has been practically used as the battery mate¬ 
rial mainly in foreign corporations up to now. According to these patents, metal salt 
and lithium salt are reacted in an aqueous medium and the obtained slurry is baked 
at the desirable temperature after spray drying. 

In the product of Toda Kogyo Co., aluminum doping is its feature. The features 
of this product are that the shortcoming of the thermal instability, which is a fault 
of the nickel-based cathode material, has been overcome by cobalt and aluminum 
doping. The thermal stability at the charged state has been improved to the LiCo0 2 
level in particular. The composition of the compound shipped is announced to be 
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Li 0 g Co 015 A1 0 05 O 2 . The data about the thermal stability of this compound obtained 
by Binsan et al. of Saft Co. 80 are shown in Table 2.5. 

It can be understood that the temperature of the exothermic peak with oxygen 
evolution increased from 200°C of LiNi0 2 to 310°C of LiNi 0g Co 015 Al 005 O 2 due to 
the decrease in the nickel content and the aluminum doping. The thermal stability 
of this compound has been considerably improved. The oxygen evolution was not 
observed below 300°C. On the whole, the thermal stability of this is more excellent 
than that of LiCo0 2 and comparable to that of spinel LiMn 2 0 4 . In addition, the 
SEM image of this material is shown in Fig. 2.23. It would be possible to control 
the powder characteristics the same as the co-precipitation method. It is clear from 
Table 2.5 that this material has a larger capacity than that of the cobalt-based 
cathode. This cathode delivers more than 180 mAh/g for 4.3 V charge, as shown in 
Fig. 2.24. 

Recently, an example of the laminate-type battery combined this material and 
the high-capacity graphite was reported from Toshiba Battery Co. 81 The prismatic 
battery (thickness: 3.8 mm and area: 35 x 62 mm) exhibits a capacity of 920 mAh 
and its energy density is 200 Wh/g, which is 16% larger than that of the cobalt- 
based cathode. These data seem to largely contribute to the practical use of the 
nickel-based battery. The rate performance of this battery is also excellent, as 
shown in Fig. 2.25. The charge/discharge capacity after 500 cycles of charge/dis¬ 
charge test in 1-C rate keeps 70% of the initial capacity, which is comparable to the 
cobalt cathode-based batteries. 


Table 2.5 Thermal stability of typical cathode materials and LiNi 08 Co 015 Al Q05 O 9 in charged state 


Cathode materials 

LiNi0 2 

LiCo0 2 

LiMn 2 0 4 

LiNiogFOo 15AI005O2 

Initial charge capacity (mAh/g, 4.2 V) 

210 

160 

130 (4.3 V) 

205 

Reversible capacity (mAh/g) 

165 

150 

120 

160 

Temperature of highest heat flow in 
DSC main peak under the existence 
of solvent 

200 

250 

300 

310 

Oxygen evolution temp, from charged 
cathode material (4.2 V) 

200 

230 

290 

300 



Fig. 2.23 SEM images of morphology controlled LiNi 0 g Co 015 Al Q05 O 2 
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Fig. 2.24 Discharge curve of LiNi 0 8 Co Q 15 A1 Q 05 O 2 



Fig. 2.25 Rate performance of laminate-type lithium ion battery composed of LiNi 0 8 Co 0 Al 0 05 O 2 
cathode and graphite anode 


2 . 5.22 Synthesis by the Hydroxide Method 

The procedure developed by Tanaka Chemical Co. is in the forefront of these meth¬ 
ods. This company occupies almost a monopoly position as a supplier of cathode 
materials for the nickel-cadmium battery and the nickel-metal hydride battery. 
Metal hydroxides have been prepared via an amine complex. Spherical material is 
produced by adjusting the pH of the aqueous solution, the aging temperature, and 
the introduction rate of the reactant. This technology is applied to the cathode material 
of lithium-ion batteries and has been patented. 82 Since precipitates with homogeneous 
distribution of various elements can be obtained using the co-precipitation technique, 
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this method can be considered to be an excellent method. The cobalt hydroxide 
prepared by the particle shape control technique was developed by Tanaka Chemical 
Co. Various kinds of particles with different morphorogies, such as the aggregated 
fine particles, the aggregated plate-like crystals, the aggregated large-size particles, 
and the isolated large-size particles, can be obtained by controlling the co-precipi- 
tation condition. The cathode material for the lithium-ion battery is synthesized by 
baking after mixing the lithium salt with the raw hydroxide. In this case, it also is 
important to maintain the particle shapes of raw materials by controlling the heating 
condition. Fundamentally these types of hydroxides were supplied by Tanaka 
Chemical Co. and were synthesized to cathode material. 

Ohzuku 83 and Dahn in Canada have synthesized LiNi Q5 Mn 05 O 2 and LiNi 1/3 
Mn 1/3 Co 1/3 0 2 , using the nickel/manganese co-precipitate and the nickel/manganese/ 
cobalt co-precipitate, which are precursors developed in this company. Such cathode 
materials attract much attention because of the large battery capacity. Here, the data 
obtained by Ohzuku are shown in Fig. 2.26. 83 Both of them have a capacity of about 
200 mAh/g, and they would be promising materials in the future. However, they 
have a disadvantage in the high-rate performance; improvements in rate capability 
are being advanced at present. In addition, the nickel/manganese/cobalt co-precipitate 
with higher tap density, as 2.0-2.3 g/cm 3 , is supplied. 


2.5.2.3 Mixed Metal Carbonate Method 

The hydroxide co-precipitation method is an excellent method as previously 
described. However, the process for hydroxide co-precipitate containing 
manganese ion would be difficult in the processing technology. Since hydroxide 



Fig. 2.26 Charge/discharge curves of LiNi 1/9 Mn 1/2 0 2 and LiCo 1/3 Ni 1/3 Mn 1/3 Q 2 
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co-precipitation is carried out in basic conditions, the manganese ion can stay as 2 + , 
3 + , or 4 + ion. As oxygen in air promotes the oxidation of manganese ion, therefore, 
it seems considerably difficult to synthesize the identical co-precipitate reproduci- 
bly. It can be assumed from their patent that at Tanaka Chemical Co. the manganese 
ion is co-precipitated from the Mn 2+ -amine complex as Mn(OH) 2 under a reducing 
agent for overcoming this difficulty. 

On the other hand, the so-called mixed metal carbonate method developed by 
Chuo Denki Kogyo Co. 84,85 is a kind of co-precipitation method, where metal salt is 
co-precipitated as a carbonate or bicarbonate under the presence of bicarbonate in 
basic solution. This method seems to be an excellent method without the shortcom¬ 
ing of the hydroxide co-precipitation method as mentioned above. As this method 
also is a kind of co-precipitation method, the control of particle shape is naturally 
possible and the spherical particles with high density also are obtained. The initial 
capacity of LiNi 0 56 Mn x Co Q 44 _0 2 synthesized by this method and the peak tempera¬ 
ture measured by DSC in coexistence with the electrolyte are shown in Table 2.6. 
It is obvious that the DSC peak temperature related to the oxygen evolution shifts 


Table 2.6 Electrochemical properties and thermal properties of LiNi 056 MnCo 044 _ r O 2 (x = 0.1, 
0.2, and 0.3) 


Compounds 

Initial capacity 
(mAh/g) 

Average voltage 
(V) 

Peak temp, in 
DSC (°C) 

Heat generation 
(j/g) 

^^0.56^ n 0.1^'°0.34^2 

173 

3.78 

298 

728 

LiNi 0.56 Mll 0.2 CO 0.24 O 2 

171 

3.81 

300 

645 

^^0.56^ n 0.3^°0.14^2 

167 

3.84 

316 

577 

LiNi0 2 

183 

3.84 

225 

1,398 

LiCoQ 2 

156 

3.97 

251 

616 



Fig. 2.27 Discharge capacity of LiNij r Co x Mn 0 2 
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to the higher temperature as the increase in manganese doping amount and the 
amount of heat generation decreases extremely. Namely, the safety of the battery is 
improved by manganese doping. Moreover, its initial capacity is higher than that of 
LiCo0 2 . Its energy density (product of capacity and voltage) is higher still because 
of its higher discharge voltage. 

The battery manufacturers using this compound as the cathode-active material 
prepare large-size batteries with 100 Wh class or 400 Wh class. Their cycle life, 
thermal behavior, high-rate performance, effect of storage at charged state on the 
electrochemical property, and so forth have been estimated. The battery shows a 
capacity retention of 83% after 1,000 cycles. Furthermore, it has been proved that 
the thermal stability is increased as the manganese content increases, that the man¬ 
ganese content should not exceed 0.35 because of the extreme expansion of the 
c-axis, and that the manganese or cobalt content in it does not have an impact on 
the charge/discharge curve. Figure 2.27 shows the ternary phase diagram by 
Terasaki et al., which indicates the relations between capacity and composition of 
LiNij _ x Co^Mn 0 2 . They have reported that samples are prepared from mixed metal 
carbonate. Probably, the mixed metal carbonate precursor would make it possible 
to prepare LiNi 1 Co^Mn 0 2 , the wide composition range. 
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